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ABSTRACT 
 
 
Study of Ice Cloud Properties Using Infrared Spectral Data.  (August 2007) 
Kevin James Garrett, B.S., Syracuse University 
Chair of Advisory Committee:  Dr. Ping Yang 
 
 
The research presented in this thesis involves the study of ice cloud microphysical 
and optical properties using both hyperspectral and narrowband infrared spectral data.  
First, ice cloud models are developed for the Infrared Atmospheric Sounding 
Interferometer (IASI) instrument onboard the METOP-A satellite, which provide the 
bulk-scattering properties of these clouds for the 8461 IASI channels between 645 and 
2760 cm-1. We investigate the sensitivity of simulated brightness temperatures in this 
spectral region to the bulk-scattering properties of ice clouds containing individual ice 
crystal habits as well as for one habit distribution.  The second part of this thesis 
describes an algorithm developed to analyze the sensitivity of simulated brightness 
temperatures at 8.5 and 11.0 µm to changes in effective cloud temperature by adjusting 
cloud top height and geometric thickness in a standard tropical atmosphere.  
Applicability of using these channels in a bi-spectral approach to retrieve cirrus cloud 
effective particle size and optical thickness is assessed.  Finally, the algorithm is applied 
to the retrieval of these ice cloud properties for a case of single-layered cirrus cloud over 
a tropical ocean surface using measurements from the Moderate Resolution Infrared 
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Spectroradiometer (MODIS).  Cloud top height and geometric thickness in the profile 
are adjusted to assess the influence of effective cloud temperature on the retrieval.   
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1. INTRODUCTION 
 
 
Studies have1 shown that cirrus clouds occur roughly 30 – 40% of the time globally 
[52], with higher frequencies in the tropics [9].  With their frequent occurrence, cirrus 
clouds have a large impact on the Earth’s radiation budget by reflecting incoming solar 
radiation (albedo effect) and trapping terrestrial thermal emission (greenhouse effect).  
Cirrus clouds here are defined as any cloud composed of only ice crystals, including the 
upper anvil regions of deep convection.  The amount of solar radiation reflected by a 
cirrus cloud is mainly a function of its microphysical properties, such as ice crystal size, 
habit (shape), and ice-water content (IWC).  The amount of thermal radiation transmitted 
through and emitted by a cirrus cloud also depends on microphysical properties, but is 
also strongly dependent on surface and cloud temperatures.  The relative strengths of 
these processes determine the net cloud radiative forcing, or whether cirrus clouds have 
a warming or cooling effect on climate. 
In order to describe and predict how cirrus clouds affect climate, we must have the 
ability to characterize cirrus clouds accurately in climate models.  Discrepancies in 
calculated cloud radiative forcing among climate models exist and are largely due to the 
uncertainties associated with cirrus clouds and how they are characterized [37], [47].  To 
increase confidence in climate model results, a global, diurnal cirrus cloud climatology 
on high-resolution time and spatial scales is necessary.  Satellite remote sensing may be 
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the most effective tool to observe cirrus clouds and retrieve properties such as effective 
particle size, cloud optical thickness, height, and geometric thickness, which are 
important in climate studies and necessary to construct this climatology [50]. 
Since the intensity and direction of reflected solar radiation from cirrus clouds 
largely depends on ice crystal size and shape, underlying surface albedo [29], [49], and 
the direction of the incident radiation, the inference of cirrus properties can be made 
from top-of-atmosphere satellite observations of the reflectance at certain wavelengths.    
For daytime retrievals of cirrus properties, the only other required information is the 
cirrus cloud bulk-scattering properties, which depend on assumptions made about the 
particle size and habit distributions within the cloud.  The scattering properties and 
viewing geometries may then be used to simulate the reflectance of model cirrus clouds 
with various effective sizes and optical thicknesses in order to infer these properties from 
the observed reflectance of any cirrus cloud.   
Methods of estimating cirrus cloud properties using reflected solar radiation are 
well established. Principal retrieval schemes are based on bi-directional reflectance at 
two bands in the visible and near-infrared (NIR) spectrums, with one band sensitive to 
effective size and the other sensitive to optical thickness.  More prominent retrievals use 
the measured reflectance at 2.13-µm, which is sensitive to effective size, and the 0.66-
µm (or 0.85-µm over ocean surfaces) that is essentially a function of optical thickness 
[31], [33].  In fact, this approach is currently applied to the Moderate Resolution 
Imaging Spectroradiometer (MODIS) operational cloud product, MOD06 [36]. The 
method works best for optically thicker cirrus (τ0.55 > 1), since cirrus clouds that exhibit 
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low reflectance values (R2.13, R0.66 < 0.1) in each channel have decreased sensitivity to 
particle size and increased interdependence between particle size and optical thickness.   
Utilizing techniques to derive reflectance at 0.66 and 1.38 µm [18], Meyer et al. 
[27] developed a method to retrieve optical thickness from more tenuous cirrus clouds 
using MODIS observed radiances at these wavelengths.  Unlike visible and near-infrared 
(NIR) window channels, the 1.38 µm channel is located in a strong water vapor 
absorption band.  Reflected radiation at this channel is mainly sensitive to high cirrus 
clouds, and is not usually contaminated by surface or low-level water clouds because 
lower-tropospheric water vapor absorbs the radiation.  This approach illustrates the 
desire to minimize the noise contributed from the background atmospheric state, 
allowing simplification of the model and increasing confidence in the result.  
During nighttime, top-of-atmosphere (TOA) observations of cirrus clouds are made 
with measurements at infrared (IR) wavelengths sensitive to the retrieved properties.  
However, the measured intensity of the upwelling radiation not only depends on the 
bulk-scattering properties of ice crystals, as with daytime solar reflectance, but also on a 
variety of atmospheric and surface parameters. In most techniques, relevant ice cloud 
models, along with accurate knowledge about the atmospheric temperature and moisture 
profile, skin temperature, surface albedo, cloud top height, and cloud geometric 
thickness, are required to attain confidence in retrievals of cirrus cloud microphysical 
and optical properties.  Error in the assumptions made about these parameters will lead 
to errors in the inferred cirrus cloud properties [24].  The uncertainty in these 
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assumptions has led to the development of several IR-based retrievals of cirrus cloud 
properties using both narrowband and hyperspectral measurements.   
Static lookup libraries that link effective size and optical thickness to simulated 
visible and NIR reflectance values for a range of viewing geometries are the strength of 
many daytime cirrus retrievals.  In IR-based retrievals, the variability of the environment 
in which cirrus may be located may have as much influence on the observed IR radiance 
as the cirrus cloud itself (especially for optically thin cirrus), requiring a lookup library 
which contains every possible combination of atmospheric profile, cloud top height and 
geometric thickness.  When applied to a global retrieval of cirrus properties, this 
approach becomes computationally expensive and impractical.  However, radiometric 
measurements from several hyperspectral and narrowband infrared sensors have been 
used to perform retrievals of cirrus cloud properties with sensitivity analyses for varying 
atmospheric and surface parameters.   
The spectral region between 750-1000 cm-1 has been studied extensively for 
sensitivity to cirrus cloud effective size [3].  Wei et al. [48] showed that the slope of 
brightness temperatures (BTs) within this region through Atmospheric Infrared Sounder 
(AIRS) observations, along with data from the 1070-1135 cm-1 band, could be used to 
retrieve ice cloud optical thickness for clouds with visible optical thickness less than 10.  
Similarly, Huang et al. [24] used these spectral regions to simultaneously retrieve 
effective size and optical thickness from high-resolution interferometer sounder (HIS) 
data collected during the FIRE-ACE field campaign.  Error of about 10-15% in these 
retrievals was demonstrated due to error in assumed cloud temperature (height) for 
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optically thick cloud, and surface skin temperature for optically thin cloud.  However, 
for clouds with optical thickness greater than 5, BTs become constant across the spectral 
region causing difficulty for retrieval of cirrus cloud properties. 
Other studies have included narrowband IR measurements.  Chiraico et al. [10] 
used MODIS split-window observation at 8.65, 11.15 and 12.05 µm to retrieve the 
effective size of ice crystals, and reduced uncertainty in the retrievals with depolarized 
lidar measurements by 20-65%.  Baum et al. [5] used theoretical calculations at 8 and 
11.0 µm to infer effective size and optical thickness from MODIS Airborne Simulator 
(MAS) data, with consistency in optical thickness but discrepancy among effective size 
when compared to solar and NIR-based retrievals.   
Studies have also explored approaches that may be independent of the sensitivity 
of IR observations to assumptions sometimes required by cirrus retrieval models.  
Emissivities at 8.3 and 11.1 µm from the TIROS-N Operational Vertical Sounder have 
been used to retrieve effective size, independent of atmospheric state and with little 
sensitivity to cloud height or geometric thickness [39], [43].  Nasiri et al. [34] 
demonstrated that the difference between simulated 8.5 and 11.0 µm brightness 
temperatures (BTD8.5-11.0) exhibited little sensitivity to certain assumptions regarding the 
particle size and habit distributions used to compute the bulk-scattering properties.   
Even with the wide range of methodologies employed for IR-based retrievals, the 
sensitivities to variable atmospheric parameters are still not fully understood to the point 
where simplifications in models can be made to achieve practical or operational use.  
Because of the uncertainty with nighttime retrieval results, the diurnal climatology 
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required to compare with climate model output remains incomplete.  In this thesis, we 
will investigate application of both hyperspectral and narrowband remote sensing using 
IR spectral data to the retrieval of cirrus cloud microphysical properties, with specific 
focus on the influence of ice cloud model and cloud temperature assumptions.   
In Section 2, we detail the development of ice cloud models that provide bulk-
scattering properties of ice crystals, such as extinction efficiencies, single-scattering 
albedo, and scattering phase functions.  The ice cloud models will be developed for the 
Infrared Atmospheric Sounding Interferometer (IASI) onboard the METOP-A satellite.  
Simulations of the hyperspectral domain covered by IASI are performed for various 
clouds to illustrate how the ice cloud models may be used to retrieve effective size and 
optical thickness with IASI data.  Simulations using different ice cloud models are 
performed to demonstrate the influence of assumed ice crystal habits on top-of-
atmosphere BTs.  In Section 3, a model is developed to investigate the influence of cloud 
temperature on simulated 8.5 and 11.0 µm BTs at top-of-atmosphere due to changes in 
cloud top height and geometric thickness, for a variety of single-layer, tropical cirrus 
clouds.  We examine the results for the types of clouds of which the model is most 
sensitive to.  In Section 4, the model is applied to a retrieval of cirrus cloud effective size 
and optical thickness using MODIS observed radiances at 8.5 and 11.0 µm.  Cloud top 
height and geometric thickness are adjusted based on Atmospheric Infrared Sounder 
(AIRS) data, and results for each case are compared to assess the influence of cloud 
temperature on the IR-based retrievals using the BTD8.5-11.0 bi-spectral approach. 
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2. ICE CLOUD MODELS 
 
 
The retrieval of cirrus cloud optical and microphysical properties requires some 
assumptions about surface, atmospheric and cloud single-scattering properties.  Many 
retrieval methods simulate brightness temperatures over a range of cirrus clouds using a 
radiative transfer model (RTM), which can then be matched to satellite observations for 
inference of cloud properties.  Since most clouds are assumed to be composed of ice 
crystals of various habits (shapes) and sizes, the cirrus cloud in the RTM is defined by 
bulk-scattering properties such as the extinction efficiency and single-scattering albedo.  
The bulk-scattering properties are computed based on a variety of observed ice crystal 
particle size distributions and assumed habit distributions, and are the basis of the ice 
cloud model.  However, ice cloud models are not universal; they depend on the 
characteristics of the observing satellite instrument, such as the spectral response 
function, and on the radiative transfer model used to simulate radiation above a cirrus 
cloud.  
 
2.1 Methodology 
In this section, we detail the development of ice cloud models for use with the 
Infrared Atmospheric Sounding Interferometer (IASI).  The models are constructed 
based on a single-scattering properties database developed by Yang et al. [56].  This 
database contains the single-scattering properties for 6 ice crystal habits from visible to 
  
8 
far IR wavelengths.  To match the spectral coverage of the IASI instrument, the database 
is interpolated from 28 to 8461 IR wavelengths.  The bulk-scattering properties are then 
computed for each of the 6 ice crystal habits, as well as for 1 habit distribution following 
methods and using data from Baum et al. [7].  Finally, simulations of the IASI spectrum 
are performed for a variety of cloud configurations to compare the sensitivities of TOA 
brightness temperatures to the differences in the ice cloud models. 
 
2.2 The Infrared Atmospheric Sounding Interferometer 
On October 19, 2006, the European Organisation for the Exploitation of 
Meteorological Satellites (EUMETSAT) in conjunction with the French space agency 
CNES, successfully launched the Meteorological Operational satellite METOP-A.  
METOP-A is a sun-synchronous polar-orbiting satellite with an altitude of 817 km and 
crosses the equator at 9:30 local time, achieving global coverage in 12 hours.   
Onboard the METOP-A satellite is the Infrared Atmospheric Sounding 
Interferometer (IASI).  IASI is a Michelson interferometer with continuous spectral 
coverage between 645 and 2760 cm-1 (3.62 – 15.5 µm) at a resolution of 0.25 cm-1 
equaling 8461 channels [38].  The instrument was primarily developed to improve 
medium-range weather forecasting by providing atmospheric temperature soundings 
within an accuracy of 1 K per 1 km and humidity soundings to within 10% over an 
instantaneous field-of-view (IFOV) of 25 km at nadir.  While the instrument was 
developed for atmospheric sounding, the spectral coverage and resolution invite the 
retrieval of ice cloud optical and microphysical properties.  The first step in developing a 
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retrieval method for IASI is the development of ice cloud models which include 
computing the bulk-scattering properties necessary for RTM simulations.  The ice cloud 
models may also prove useful in current operational algorithms for IASI, such as cloud 
clearing which is necessary to perform sounding in a cloudy field-of-view. 
 
2.3 Single-Scattering Properties Database 
To develop the ice cloud models, the single-scattering properties for individual ice 
crystal habits must first be computed for a range of size bins given by ice crystal 
maximum dimension.  Earlier methods to compute these properties employed Mie 
theory [51] and ray tracing techniques [44], but these approaches limit application in 
remote sensing to spherical and hexagonal ice crystals [11], [28].  With the 
implementation of the Finite Difference Time Domain (FDTD) [54] and the Improved 
Geometric Optics Method (IGOM) [55] to light scattering of ice crystals, a library of 
single-scattering properties was constructed for a larger variety of pristine and complex 
ice crystal surrogates [57].    
The most recent database from Yang et al. [56] includes the single-scattering 
properties for 8 ice crystal habits (Fig. 1):  aggregates, droxtals, plates, solid columns, 
hollow columns, 6-branch bullet rosettes, spheres and spheroids.  The inclusion of the 
droxtal shape is meant to represent small, nearly spherical ice crystals found near the 
tops of cirrus clouds, thus the single-scattering properties for spheres and spheroids are  
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Fig. 1.  Images of the 6 non-spherical ice crystal habits included in the single-scattering 
property database of Yang et al. [56]. 
  
11 
not used in the ice cloud models [53].  The properties calculated include the scattering 
phase function, which describes the angular distribution of radiation scattered by a 
particle.  The phase function, computed for 498 scattering angles between 0 º and 180º 
can be defined as 
           (1) 
where   
! 
P
l
 is the   
! 
l
th order Legendre polynomial, 
! 
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The ice crystal habits are discretized into 45 size bins, with bin center maximum 
dimensions ranging from 2.0 – 9500 µm.  The single-scattering properties are calculated 
at 65 visible and IR wavelengths from 0.2 – 100 µm.  For size parameters x = πD/λ less 
than 20, where D is the ice crystal maximum dimension and λ is the incident 
wavelength, the FDTD method is used to compute the single-scattering properties [54].  
For size parameters greater than 20, this method becomes exceedingly computationally 
expensive.  For moderate to large size parameters, the most current techniques to 
compute the single-scattering properties of ice crystal include the T-matrix method, 
Lorentz-Mie theory, and IGOM.  However, between size parameters of 20 and 1000, the 
solutions of each method differ.  To compute the single-scattering properties for size 
parameters larger than 20, Fu et al. [16], [17] developed the composite method.  This 
method uses a combination of the Lorentz-Mie theory solution of spherical equivalent 
particles, the IGOM solution and the FDTD solution to compute each single-scattering 
property.  For example, the absorption coefficient, Qa, may be computed by 
! 
Q
a
(L ) =
Q
aFDTD
(L ) (L < 20" /# )
C
1
Q
aMie
(L )+C
2
Q
aIGOM
(L ) (L $ 20" /# )
% 
& 
' 
,    (5) 
where 
! 
Q
aFDTD
(L ) is the absorption coefficient solution from the FDTD method for size 
parameters 
! 
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! 
Q
aMie
(L )  and 
! 
Q
aIGOM
(L ) are the absorption coefficients from 
Lorentz-Mie and IGOM for size parameters 
! 
"20, respectively.  To ensure a smooth 
transition in size parameter domain for the single-scattering solutions from FDTD to the 
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where 
! 
L
c
 is the largest maximum dimension derived from the FDTD method. 
To match the spectral resolution of the database with that of IASI, the single-
scattering properties must be interpolated.  We select 28 wavelengths from 3.5 – 16.2 
µm in the database and interpolate the single-scattering properties to 8461 wavelengths 
between 3.62 and 15.5 µm (645 – 2760 cm-1).  The properties, Qe, ω, and g, can be 
interpolated linearly.  However, the scattering phase function, P(cosθ), must be 
interpolated using cubic spline interpolation.  After interpolation, P(cosθ) is 
renormalized. 
The single-scattering properties for each individual ice crystal depend strongly on 
its size and shape, and also on the index of refraction of ice which varies with 
wavelength.  Fig. 2 shows the refractive index of ice for both the real and imaginary 
parts, over the IASI spectral region.  These indices show that the scattering and 
absorption properties of ice crystals vary significantly across the spectrum.  Computed 
single-scattering properties must therefore demonstrate scattering and absorption 
features closely following the index of refraction of ice, in order for the ice cloud models 
to be of relevance to cirrus cloud property retrievals which depend on these scattering 
and absorption differences. 
Fig. 3 shows the interpolated extinction efficiency, single-scattering albedo, and 
asymmetry factor as a function of wavelength across the entire IASI spectrum, for 
maximum dimensions of 10 and 50 µm.  Although the properties vary similarly across  
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Fig. 2.  The refractive index of ice over the IASI spectrum for a) real part and b) 
imaginary part.  Data is taken from Warren [46]. 
 
 
the spectrum for each ice crystal habit, following the imaginary part of the index of 
refraction of ice closely (Fig. 2b), the magnitude of the properties vary significantly 
between the habits due to differences in their shape.  For 10 µm ice crystals, the 
differences are more pronounced.  However for 50 µm ice crystals, differences between 
the properties of the habits decrease as the size parameter increases, again due to 
absorption being the primary feature for large ice crystals at IR wavelengths.  Again the 
absorption feature around 11.0 µm is noticeable.  In Fig. 3e, the asymmetry factor for 10 
µm sized ice crystals decreases monotonically across the spectrum, as absorption 
increases with increasing wavelength.  However for larger sized crystals, as in Fig. 3f, 
diffraction dominates and the asymmetry factor is very close to 1 across the spectrum. 
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Fig. 3.  Interpolated single-scattering properties as a function of wavelength for 6 ice 
crystal habits.  Shown are a), b) the extinction efficiency for Dmax of 10 and 50 µm 
respectively, c), d) the single-scattering albedo for Dmax of 10 and 50 µm, respectively, 
and e), f) the asymmetry factor for Dmax of 10 and 50 µm, respectively. 
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Fig. 4.  Interpolated single-scattering properties as a function of maximum dimension for 
6 ice crystal habits.  Shown are a), b) The extinction efficiency at 8.55 and 11.0 µm, 
respectively, c), d) the single-scattering albedo at 8.55 and 11.0 µm respectively, and e), 
f) the asymmetry factor at 8.55 and 11.0 µm. 
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Fig. 4 illustrates the interpolated single-scattering properties for each of the 6 ice 
crystal habits as a function of maximum dimension for wavelengths of 8.55 and 11.0  
µm.  Oscillations in the 8.55 µm extinction efficiency occur for all habits with Dmax 
between 20 and 500 (small size parameters).  These are due to phase interference caused 
by the competing processes of diffraction and reflection/refraction [30].  As an incident 
light beam interacts with the ice crystal, some energy is diffracted by the particle but its 
phase remains constant.  However, localized rays also enter the ice crystal where they 
may undergo a phase lag from internal reflection and refraction before exiting out of the 
particle.  Light may also enter the particle from the diffracted portion in a process called 
tunneling, and this contributes to absorption, internal reflection and refraction [35].  
Peaks in the extinction efficiency occur when energy from the processes are mapped to 
the far electric field and are in phase, also called the resonance region.  Minima occur 
when the energy from the processes are completely out of phase.  The amplitude of the 
oscillations, maxima, and minima are a function of index of refraction, wavelength, and 
ice crystal habit.  Values of extinction efficiency converge to 2 as particle size increases 
because of increased absorption.  The same pattern is recognized in the plot of single-
scattering albedo (Fig. 4c), with the value converging to around 0.56 where absorption 
dominates in larger particles.  In Fig. 4e, the asymmetry factor converges very near to 1 
as diffraction dominates reflection and refraction for larger particles, and there is almost 
no backscattering.  The same oscillation pattern is not apparent in the 11.0 µm plots, as 
ice absorption at this wavelength is a lot stronger (Fig. 2b).  
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Fig. 5.  Interpolated scattering phase functions of 6 ice crystal habits.  Phase functions 
are plotted for wavelengths and maximum dimensions of a) λ = 8.55 µm and Dmax = 10 
µm, b) λ = 8.55µm and Dmax = 50 µm, c) λ = 11.0 µm and Dmax = 10 µm, and d) λ = 
11.0 µm and Dmax = 50 µm. 
 
 
 
Fig. 5 shows plots of the scattering phase function for each of the 6 ice crystal 
habits in the single-scattering database.  The phase functions are shown for ice crystal 
maximum dimensions of 10 and 50 µm at wavelengths of 8.55 and 11.0 µm.  The strong 
forward peak of the phase function is evident for all habits, and is due to diffraction of 
light around the ice crystal.  For larger particles, the magnitude of the forward peak is 
greater compared to that of small particles since higher amounts of energy are incident  
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Fig. 6.  Comparison of interpolated (line) and original (+) single-scattering databases for 
aggregates with Dmax of 30 and 50 µm at a wavelength of 11.2 µm.  Plots show 
comparisons of a) scattering phase function and b) asymmetry factor. 
 
 
 
onto the broader surface area of the larger scattering particle, resulting in higher amounts 
of diffracted energy.   For radiative transfer calculations, the forward peak must be 
truncated.  Details of various truncation methods are given in section 2.5. 
Comparisons of the interpolated and original single-scattering databases are made 
for quality assessment.  Fig. 6a shows the interpolated phase functions at 11.2 µm for 
aggregate ice crystals at two sizes; 30 µm in blue, and 50 µm in red.  The original phase 
functions at these wavelengths are over-plotted at each of the 498 originally computed 
scattering angles.  Fig. 6b compares the interpolated and original asymmetry factor for 
the same sized aggregate ice crystals at 11.2 µm.  The figures show that the single-
scattering properties from the interpolated and original databases are in full agreement.  
Calculations were also performed using the IGOM for large size parameters, and these 
results compared well with the interpolated database.  The solutions were not exact 
however, as the interpolated database originates from the composite method. 
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2.4 Bulk-Scattering Properties Computation 
In nature, cirrus clouds cover a range of more complex ice crystal habits than the 
simplified morphologies used in computation of the single-scattering properties.  For 
application to global remote sensing, a more realistic characterization of cirrus clouds, 
other than assuming a single habit at a single size, is required to perform retrievals of 
microphysical and optical properties.  A representation of cirrus clouds in a RTM is 
defined by bulk-scattering properties, which relate the effective size of ice crystals 
within a modeled cirrus cloud, to their scattering and absorption properties.  The 
effective size depends solely on the particle size distributions (PSDs) and habit 
distributions used, inferred from in-situ data, while the bulk-scattering properties 
computed for each effective size depend on these distributions, as wells as the incident 
wavelength and satellite instrument they are computed for.  This section first outlines the 
in-situ data that defines the PSDs and habit distributions used, as a summary of Baum et 
al. [4], [6], [7].  We then detail the methods used to calculate effective size and the bulk-
scattering properties for the IASI instrument, followed by an analysis of the results. 
 
2.4.1 Inference of Particle Size and Habit Distributions 
The application of a single cirrus cloud model to represent globally observed cirrus 
clouds is an extremely large simplification.  Field campaigns have collected in-situ data 
covering many cirrus cloud regimes, including tropical and mid-latitude cirrus from deep 
convention and frontal boundaries, as well as artic cirrus.  Observations from these field 
campaigns have revealed the vertical and horizontal inhomogeniety of cirrus clouds; 
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specifically, the distribution of particle size and habits.  Five field campaigns used to 
infer PSDs and habit distributions come from Baum et al. [4].  These campaigns study 
both tropical and mid-latitude cirrus.  To include observations from artic cirrus, we also 
use data collected during Surface Heat Budget of the Arctic Ocean (SHEBA) experiment 
[45]. 
From Baum et al. [4], two field campaigns which study tropical cirrus clouds are 
used:  the Kwajalein Experiment (KWAJEX) in the Marshall Islands, and the Cirrus 
Regional Study of Tropical Anvils and Cirrus Layers (CRYSTAL) Florida Area Cirrus 
Experiment (FACE) off the coast of Nicaragua.  The primary objective of KWAJEX was 
for validation of the Tropical Rainfall Measuring Mission (TRMM).  Flights through 
deep convection initiated cirrus were conducted on a University of North Dakota Cessna 
Citation carrying a high-volume precipitation spectrometer (HVPS) probe and a cloud 
particle imager (CPI).  The HVPS has a resolution of 0.2 mm and works well for 
measuring large particles, however measurements of PSDs with the CPI are unreliable 
and the instrument data is only used to analyze ice crystal morphology [42].  In 
CRYSTAL-FACE, the same Citation along with a NASA WB57 collected data from 
cirrus with a video ice particle sampler (VIPS) to measure PSDs from 20-200 µm. 
Data for mid-latitude cirrus was collected during three field campaigns:  the First 
International Satellite Cirrus Climatology Project Regional Experiment (FIRE-I) over 
Madison, WI in 1986, FIRE-II over Coffeyville, KS in 1991, and the Atmospheric 
Radiation Measurement Program (ARM) over Lamont, OK in 2000 [20].  National 
Center For Environmental Research (NCAR) aircraft were used in FIRE-I, while 
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balloon-borne replicators were used to collect data in FIRE-II, and the University of 
North Dakota Citation was used for observations at the ARM site.  The balloon-borne 
replicator used in FIRE-II measured PSDs and imaged habits from 10 to 1000 µm at 2 
µm resolution [21].  The habit imagery showed dependency of ice crystal habit on cloud 
temperature.  Ice crystals at temperatures colder than -55° C were generally spherical 
with facets (droxtals), while ice crystals at temperatures around -50° C were pristine 
columns and plates.  Polycrystals such as bullet rosettes existed in cloud layers between -
40° and -45° C, while aggregates were predominate in the growth layers warmer than -
40° C. 
The particle size distributions were measured continuously and averaged every 
30m of the aircraft spiral descents through the cloud layer, and averaged every 300m of 
balloon ascent through the cloud layer.  The PSDs were then fit to a gamma size 
distribution following [19] of the form 
! 
n(D ) = N
0
D
µ
e
"#D ,        (7) 
where D is the maximum dimension, n(D) is the particle number concentration per unit 
volume, N0 is the intercept, λ is the slope, and µ is the dispersion.  To ensure that only 
PSDs containing particles in the ice phase are used, the data was filtered for PSDs where 
the cloud temperature was colder than -25° C.  After filtering, 1117 PSDs of the original 
4000 remain. 
 Along with the particle size distributions, a habit distribution is also required to 
compute the bulk-scattering properties.  This habit distribution may be limited to one 
single habit, or a mix of habits whose percentage is a function of maximum dimension.  
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To derive a habit distribution for the cirrus model, Baum et al. [4] configured a mix of 
habits to calculate Ice Water Content (IWC) and Median Mass Diameter (Dm).  Dm is 
defined as the diameter where half of the total mass within a PSD resides in particles 
smaller than the diameter, and the other half resides in particles with larger diameters.  
The calculated IWC and Dm were then compared to the values derived from the in-situ 
data.  Assuming a habit distribution composed of 100% droxtals for Dmax < 60 µm, and 
100% aggregates for Dmax > 60 µm, IWC and Dm both over-estimated derived values 
from in-situ data.  The habit distribution was then adjusted, keeping 100% droxtals for 
Dmax < 60 µm, but changing Dmax > 60 µm to 100% bullet rosettes.  The results showed 
that calculated IWC under-estimated derived values from in-situ data, and over-
estimated Dm.  The best fit to the derived IWC and Dm from in-situ data is the habit 
distribution in Table 1.  Along with computing the bulk-scattering properties for each 
individual habit, these properties will also be computed assuming the habit distribution 
from Baum et al. [4], from here to be referred as Baum v2. 
 
2.4.2 Computation of Bulk-Scattering Properties 
The process for computing the bulk-scattering properties for the ice cloud models 
is presented here.  Seven ice cloud models are constructed for the IASI instrument.  Six 
of these models are created with the assumption that the ice cloud contains only a single 
ice crystal habit, one for each ice crystal habit in the single-scattering properties 
database.  The seventh ice cloud model is built assuming the Baum v2 habit distribution.   
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Table 1.  Habit distribution from Baum et al. [4] listing the percentage of each habit with 
given maximum dimension. 
 
Max. Dimension Habit 1 Habit 2 Habit 3 
Dmax < 60 100% Droxtals   
60 < Dmax <1000 15% Bullet Ros. 50% Solid Col. 35% Plates 
1000 < Dmax < 2000 45%  Hollow Col 45% Solid Col. 10% Aggregates 
2000 < Dmax 97% Bullet Ros. 3% Aggreates  
 
 
The 1902 PSDs from the previously mentioned in-situ data are used for each cirrus 
model. 
The first step in calculating the bulk-scattering properties is computing an 
effective size of the ice crystals in the model cirrus cloud.  Following Foot [13] and 
Francis et al. [14], the effective diameter is given by 
! 
De =
3
2
fh(D )Vh(D )
h=1
M
"
# 
$ 
% 
& 
' 
( 
Dmin
Dmax
) n(D )dD
fh(D )Ah(D )
h=1
M
"
# 
$ 
% 
& 
' 
( 
Dmin
Dmax
) n(D )dD
,      (8) 
where D is the maximum dimension, V is the particle volume, A is the particle area, n(D) 
is the number concentration, and fh is the habit fraction 
1)(
1
=!
=
M
h
h
Df ,         (9) 
where h is the habit type, M is the total number of habits in the distribution, and the 
summation over all habit percentages equals to one.  The effective size is therefore 
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dependent on the habit fraction and also on the PSD.  Given an assumed habit 
distribution, the use of each PSD in functional form will result in a computed value for 
De.  To create the cirrus models, the computed De values are discretized into sizes 
between 10 and 180 µm at 10 µm increments.  To calculate the bulk-scattering properties 
for each discrete De value, 10-20 PSDs which computed De to within about ± 2 µm of 
the discrete value, are used.  For example from Baum et al. [7], to compute the bulk-
scattering phase function, 
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the integration is performed only for n(D)of select PSDs.  The solutions using each PSD 
are then averaged together to give the scattering phase function.  Other bulk-scattering 
properties are computed by the same manner, including the asymmetry factor 
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Fig. 7 shows the bulk single-scattering phase functions for cirrus models with 
individual ice crystal habits, compared to the phase functions for the Baum v2 habit 
distribution.  The phase functions are shown for an effective size of 30 µm at 
wavelengths of 4.1, 8.5 and 11.2 µm.  Compared to the single-scattering phase functions, 
the bulk single-scattering phase functions appear smoother across the scattering angles, 
especially for droxtals and plates.  This is a result of integrating over a number of PSDs 
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Fig. 7.  Bulk single-scattering phase functions for 6 individual ice crystal habits 
compared with the Baum v2 for a De of 30 µm.  Phase functions are plotted for 
wavelengths of a), b) 4.1 µm, c), d) 8.5µm and e), f) 11.2 µm. 
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which contain a quantity of large particles.  Comparing the bulk-scattering phase 
functions among the habit distributions, the Baum v2 phase functions fall between the 
phase functions of the individual habits.  This is to be expected as the Baum v2 bulk-
scattering properties are weighted by individual ice crystals given in the habit fraction. 
Bulk-extinction efficiency, single-scattering albedo, and asymmetry factor are 
shown for the six individual ice crystal habits and the habit distribution of Baum v2 in 
Fig. 8 for an effective size of 30 µm, as a function of wavelength.  As with the single-
scattering properties for smaller sized particles, there is still variability in the bulk-
scattering properties across the IASI spectrum, demonstrating that sensitivity to 
wavelength still exists after averaging.  It is these differences that remote sensing 
techniques rely upon to perform retrievals of cirrus cloud microphysical and optical 
properties.  However, the variability between the ice crystal habits has decreased 
substantially compared with the single-scattering property database.  As with the 
scattering phase functions, the Baum v2 bulk-scattering properties fall between the 
values of bulk-scattering properties for the individual ice crystal habits.   
For increased effective sizes (Figs. 9, 10), both the variation across the IASI 
spectrum, and among the ice crystal habits is decreased substantially.  In fact, for an 
effective size of 100 µm, the bulk-scattering properties are nearly constant for all  
wavelengths and ice crystal habits.  Thus, as effective size increases, the habit or habit 
distribution assumed in the ice cloud model becomes less important.  However, the 
ability to infer cirrus cloud properties from clouds with effective diameters larger than  
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Fig. 8.  Bulk-scattering properties for 6 individual ice crystal habits compared with 
properties from Baum v2 habit distribution with an effective size of 30 µm as a function 
of wavelength.  Plots shown for a), b) extinction efficiency, c), d) single-scattering 
albedo, and e), f) asymmetry factor.
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Fig. 9.  Bulk-scattering properties for 6 individual ice crystal habits compared with 
properties from Baum v2 habit distribution with an effective size of 50 µm as a function 
of wavelength.  Plots shown for a), b) extinction efficiency, c), d) single-scattering 
albedo, and e), f) asymmetry factor.
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Fig. 10.  Bulk-scattering properties for 6 individual ice crystal habits compared with 
properties from Baum v2 habit distribution with an effective size of 100 µm as a 
function of wavelength.  Plots shown for a), b) extinction efficiency, c), d) single-
scattering albedo, and e), f) asymmetry factor. 
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50 µm may be difficult because of decreased sensitivity to particle size as IR absorption 
by the larger ice crystals dominates. 
 
2.5 IASI Spectral Simulations 
To evaluate the sensitivity that the assumed ice cloud model may have on 
simulated cloudy radiances at wavelengths throughout the IASI spectrum, simulations 
are performed for a variety of cirrus clouds using each of the ice cloud models. 
To simulate the infrared radiances at TOA we implement the discrete ordinates 
radiative transfer (DISORT) model [41].  DISORT computes the monochromatic 
radiance for plane-parallel, adjacent atmospheric layers by solving the radiative transfer 
equation 
! 
µ
dI" (#" ,µ ,$ )
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= I" (#" ,µ ,$ )% S" (#" ,µ ,$ ),     (12) 
where 
! 
I" (#" ,µ ,$ ) is the monochromatic intensity in direction µ, φ at optical thickness τ,  
µ is the cosine of the solar zenith angle (cosθ) and 
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S" (#" ,µ ,$ ) is the source function 
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where 
! 
"# ($# ) is the single-scattering albedo,
! 
P" (#" ,µ ,$;µ ' ,$ ') is the scattering phase 
function and 
! 
Q" (#" ,µ ,$ ) is the source term.  It is the nature of ice crystals to have a very 
strong forward peak of the phase function, thus requiring hundreds of terms in the 
Legendre polynomial expansion to accurately capture the distribution of scattered 
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intensity at large scattering angles in the forward calculations.  At solar and NIR 
wavelengths, the forward peak is due to large amounts of diffracted (delta-diffraction) 
and transmitted (delta-transmission) energy around and through the particle.  However, 
at highly absorbing IR wavelengths, the delta-transmission contribution is small and can 
be neglected.  For use in radiative transfer calculations, the Legendre polynomial 
expansion coefficients are calculated using the δ-fit truncation method [23] which 
removes the forward peak and smooths out the phase function.  Thus, only a limited 
number of expansion coefficients are required to express the phase function, allowing for 
more computational efficiency.  The Legendre polynomial expansion series is given by 
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where 
! 
"
i
 is the scattering angle, 
! 
w
i
 is the weight for each scattering angle, and 
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cos" l( )  is the Legendre polynomial for N streams of radiation.  In our model, 32 
streams are used for the expansion.  The coefficients are computed by solving the least-
squares fitting problem 
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and the normalized phase function is then 
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Along with the phase function, the diffracted energy contributes to other single-
scattering properties and must be removed.  Through a mathematical process known as 
the Similarity Principle, the portion of energy in the forward peak of the phase function, 
f, is used for scaling the optical thickness, 
( ) ,1' !"! f#=          (20) 
single-scattering albedo, 
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and the asymmetry factor, 
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where τ is the original optical thickness, ω the original single-scattering albedo, and g 
the original asymmetry factor. 
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Observed IR radiances at TOA are also sensitive to absorbing gases in the 
atmosphere, and the model must account for any attenuation due to the concentration of 
these gases for each simulated wavelength.  Our model uses pressure, temperature, water 
vapor and ozone profiles from a standard tropical atmosphere [26].  To compute the 
clear-sky IR transmission the rigorous line-by-line method is used.  Line-by-line 
calculates the absorption coefficient, k 
!=
i
ii TpfTSTpk ),()(),( ,"" ,       (23) 
where p is the pressure, T is the temperature, S is the line intensity, and f is the line shape 
factor for the ith absorption line at a specified wavenumber, υ.  The transmittance can 
then be solved for by integrating over a wavenumber interval,  
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where u is the pathlength through the atmospheric layer. 
The above model is used to simulate IR radiances for all 8461 wavelengths in the 
IASI spectral domain.  Bulk-scattering properties each of the 7 ice cloud models are 
inserted into the atmosphere at a fixed height and geometric thickness, and simulated 
radiances are performed for clouds with visible optical thicknesses of 0.1, 1.0, 2.0, and 
5.0, and effective diameters of 30, 50, and 100 µm.  Fig. 11 shows the simulated IASI 
spectrum for a cloud with De equal to 30 µm and optical thicknesses of 0.1, 1.0, 2.0, and 
5.0 for each of the cirrus models composed with individual ice crystal habits.  It is clear 
from Fig. 11 that for small to moderately optically thick clouds, there is good sensitivity 
of the simulated spectra to the cirrus cloud properties as well as background atmosphere, 
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Fig. 11.  Simulated brightness temperatures of clouds with an effective diameter of 30 
µm for optical thickness of 0.1 (black), 1.0 (red), 2.0 (green), and 5.0 (blue).  
Simulations are shown for 6 ice cloud models of individual ice crystal habits, a) 
aggregates, b) solid columns, c) plates, d) hollow columns, e) droxtals, and f) bullet 
rosettes. 
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noting the O3 and CO2 absorption bands around 9.6 and 13.2 µm, respectively, as well as 
the H2O continuum from 1200 – 2100 cm-1.  The region between 790 and 960 cm-1 has 
been investigated for sensitivity to ice crystal effective size, while the spectral region 
between 1070 and 1135 cm-1 has been used to retrieve optical thickness [24], [48].  From 
Fig. 11, we see that these regions are also sensitive to ice crystal habit, as differences of 
brightness temperatures are apparent, especially for clouds with optical thicknesses 
around 1.0 and 2.0.  For optically thicker clouds, the simulated brightness temperatures 
are nearly constant for all wavelengths, except in the strongest absorption bands, as the 
clouds radiate as a blackbody.  Thus for optical thickness of 5 or greater, sensitivity to 
ice crystal effective size is lost, and the assumption of ice crystal habit becomes less 
important. 
Fig. 12 shows a simulation of the IASI spectrum using the ice cloud model with the 
assumption of the habit distribution from Baum et al. [4].  The simulations are carried 
out for clouds with effective diameters of 30, 50, and 100 µm and for optical thicknesses 
of 0.1, 1.0, 2.0, and 5.0.  Emphasis on the importance of the 790 – 960 cm-1 spectral 
region for inferring ice cloud effective size is shown in Figs. 12b, d, and f.  For optical 
thicknesses of 1.0 and 2.0, the slope of the simulated brightness temperatures in this 
region decreases with increasing effective diameter.  The slope is positive for each plot, 
as the simulated brightness temperature becomes colder as IR absorption increases with 
decreasing wavenumber.  As particle size increases, absorption becomes even greater 
around 960 cm-1, leading to the decrease of slope.  Since this region falls within the  
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Fig. 12.  Simulated brightness temperatures of clouds with the habit distribution of Baum 
et al. [4] for clouds with effective diameters of 30, 50 and 100 µm and optical 
thicknesses of 0.1, 1.0, 2.0, and 5.0.  Simulations are shown for a), c), e) the IASI 
spectrum and b), d), f) the spectral region between 700 and 1000 cm-1. 
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atmospheric window, it is preferable to use this information for inference of ice crystal 
effective size.  However, for large optical thickness or effective size, absorption of the 
outgoing thermal emission causes saturation in the spectral region and sensitivity to 
cirrus cloud properties are lost. 
In Fig. 13, the sensitivity of the simulated IASI spectrum to the ice cloud model 
used is shown.  Brightness temperature differences between the cirrus model using the 
Baum v2 habit distribution, and the cirrus models for individual ice crystal habits, are 
plotted as a function of wavenumber.  Each simulation is carried out for a cloud with an 
optical thickness of 2.0 and effective diameter of 30 µm.  Brightness temperature 
differences between the Baum v2 model and each individual habit model range from 2 – 
8 K across the spectrum.  These differences also occur in the spectral regions which may 
be used to infer cirrus cloud properties.  Again, as optical thickness and effective size 
increase, the brightness temperature differences decrease as the assumed habit 
distribution becomes less important. 
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Fig. 13.  Difference of the simulated brightness temperatures of clouds using the Baum 
et al. [4] habit distribution and individual ice crystals.  Differences are shown for a) 
aggregates, b) solid columns, c) plates, d) hollow columns, e) droxtals, and f) bullet 
rosettes.  All clouds have an optical thickness of 2.0 and an effective diameter of 30 µm.  
 
 
 
 
 
 
  
40 
3. SENSITIVITY OF INFRARED BRIGHTNESS 
TEMPERATURES TO CLOUD TEMPERATURE 
 
In this section we investigate the sensitivity of a model to retrieve cirrus cloud 
effective size and optical thickness, which utilizes infrared brightness temperatures at 8.5 
and 11.0 µm, to cloud temperature.  The basis for choosing these wavelengths for the 
retrieval model is found by examining the differences in ice scattering and absorption at 
these channels, as shown previously in Fig. 2b, the refractive index of ice (imaginary 
part).  For a cirrus cloud at a given height and geometric thickness, the effective emitting 
temperature at both wavelengths is a function mainly of the ice cloud effective particle 
size, optical thickness at each wavelength, and the temperature profile through out the 
cloud layer.  For cirrus clouds composed of small ice crystals and small to moderate 
optical thickness, energy at 8.5 and 11.0 µm is transmitted through the cloud to top-of-
atmosphere.  However, energy at 11.0 µm is more strongly absorbed by ice crystals than 
at 8.5 µm, and it can be expected that brightness temperatures are therefore colder at 
11.0 µm above a cirrus cloud.  This brightness temperature difference (BTD8.5-11.0) may 
then be used to infer cirrus cloud properties, where 8.5 µm is sensitive to the effective 
size of ice crystals, and 11.0 µm is mainly a function of optical thickness.   
As the ice crystals increase in size, or the cloud becomes more optically thick, 
energy at 8.5 µm is increasingly absorbed, and BTD8.5-11.0 approaches zero as the cloud 
emits at an effective temperature close to the cloud temperature.  However, not only do 
the cirrus cloud microphysical and optical properties have an effect on the brightness 
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temperatures at these IR wavelengths, but the brightness temperatures are also sensitive 
to the cloud top temperature and cloud base temperature as determined by the height and 
geometric thickness of the cirrus cloud.  It is the purpose of this theoretical study to 
investigate this sensitivity on cloud temperature to the bi-spectral BTD8.5-11.0 retrieval 
method. 
 
3.1 Methodology 
To investigate the sensitivity of the bi-spectral BTD8.5-11.0 retrieval approach to 
cloud temperature, we have developed a model to simulate brightness temperatures over 
cirrus clouds composed of different properties for a variety of cloud top temperatures 
and cloud layer temperatures.  Brightness temperatures for each case are computed using 
the DISORT model. 
 
3.1.1 Gaseous Absorption 
Similar to our IASI spectral simulations in Section 2.5, we begin with the standard 
tropical atmosphere [26] over a Lambertian, ocean surface.  The atmosphere is divided 
into 35 levels and 34 layers, and contains information about pressure, temperature, water 
vapor, and ozone profiles.  Again, absorbing molecules such as CO2, H2O vapor, O3, 
CH4, and N2O may attenuate any upwelling radiance from the surface.  Not 
compensating for gaseous absorption in the atmosphere could affect brightness 
temperature simulations by as much as a few Kelvin or more depending on the 
wavelength.  However, instead of employing the line-by-line method, atmospheric 
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transmittance for each layer is estimated by using the correlated k-distribution method 
[15].  Unlike the line-by-line method, the k-distribution expresses the absorption 
coefficient, k, in terms of a probability distribution function, h(k), the likelihood a k 
value will be found within a given spectral interval, Δυ.  Integrating over all possible 
values of k in a homogeneous pathlength, u, the transmittance can be calculated by 
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It is more practical to express h(k) as a cumulative probability distribution function, 
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where g(k) and its inverse 
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are monotonically increasing and smooth functions.  Applied to an inhomogeneous 
pathlength between z1 and z2, the transmittance is found by 
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where the k value at any given pressure, P, or temperature, T, will be correlated with that 
of a k value at a specified reference pressure or temperature.   
Our model uses the correlated k-distribution routines described by Kratz [25].  
These routines were constructed for MODIS channels 29 and 31, which correspond to 
8.5 and 11.0 µm.  Theoretical computations for clear-sky transmittances have been 
performed within our standard tropical atmosphere and compared with line-by-line 
results to within 1% (Bryan Baum, personal communication). 
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3.1.2 Cirrus Models 
For simulated brightness temperatures over a cloud layer, MODIS specific single-
scattering property ice cloud models have been developed by Baum et al. [6], the basis 
of which is discussed in Section 2.5.  The calculation of the effective diameter, De, 
follows Eq. 8.  However, the bulk-scattering properties such as the phase function, 
),(!P  are weighted by the spectral response function and follow the form from Baum et 
al. [6] 
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where 
! 
" is the wavelength, 
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h
(" ,D ,#) is the phase function of a single habit, 
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is the scattering cross section, 
! 
F
s
(") is the spectral response function, and 
! 
B(") is the 
Planck function.  Again, for the development of the cirrus models, the habit distribution 
in Table 1 is assumed.  As described previously, the truncated phase function is then 
approximated by Legendre polynomial expansion for input into DISORT. 
 
3.2 Sensitivity to Cloud Top Temperature 
We first investigate the sensitivity of simulated infrared brightness temperatures 
(BTs) at TOA to cloud top temperature in the standard tropical atmosphere over an 
ocean surface.  The standard tropical atmosphere contains 34 atmospheric computational 
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layers.  A single-layer cloud is inserted into 5 cloud top heights ranging from 8-16 km 
with a cloud geometric thickness fixed at 1 km.  Brightness temperatures are simulated 
with DISORT for clouds with an effective diameter of 30, 50 and 100 µm for optical 
thicknesses between 0.1 and 10. 
Figs. 14a, c, and e show simulated BTs at 8.5 and 11.0 µm for clouds with an 
effective diameter of 30, 50 and 100 µm, respectively, as a function of optical thickness.  
The cloud top temperature ranges from 197 K at 16 km to 250 K at 8 km, while the 
surface temperature is 300 K.  Figs. 14b, d, and e are plots of the 8.5 – 11.0 µm 
brightness temperature difference (BTD8.5-11.0) for each cloud type as a function of 
optical thickness.  Comparing the simulations, there are greater BTDs for clouds with 
smaller effective diameters, however, as cloud top temperature increases, the BTDs 
decrease.  If we depend on the BTD8.5-11 as our retrieval method, it may become 
increasingly difficult to infer effective size for diameters larger than 50 µm because the 
BTD8.5-11.0 approaches zero, even for the highest (coldest) cloud tops. 
It is also evident from Fig. 14 that for optically thin clouds (τ0.55 < 1), there is not 
much sensitivity to cloud top temperature; BTD8.5-11 is on the order of 3 K and may be 
too small to infer cloud properties with any confidence.  In these regions of small optical 
thickness, transmission from upwelling radiance below the cloud is dominant at each 
wavelength.  For clouds of moderate optical thickness, our peak BTD8.5-11 is around τ0.55 
= 3.  In this region, absorption of the 11.0 µm radiance is greater than at 8.5 µm.  As the 
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Fig. 14.  Simulated brightness temperatures at 8.5 and 11.0 µm as a function of optical 
thickness, for clouds of varying height.  Simulations are show for a), c), and e) clouds 
with effective diameters of 30, 50, and 100 µm, respectively, and b), d), and f)  BTD8.5-
11.0 of corresponding left-panel plots. 
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cloud top becomes colder, the 11.0 µm brightness temperature decreases at a faster rate 
than the 8.5 µm brightness temperature, creating the larger BTD8.5-11 for colder clouds.  
As the optical thickness becomes larger than ~3, the 8.5 µm absorption increases and 
begins to converge with the 11.0 µm BT.  At around τ0.55 = 7, saturation in the signal 
occurs and sensitivity to cloud properties is lost as the emissivity at each channel 
becomes similar.   
We may conclude that the region of highest sensitivity for retrievals using the bi-
spectral BTD8.5-11 approach falls within an optical thickness range of τ0.55  = 2-6, where 
BTD8.5-11 is largest, but this range is narrowed as cloud temperature increases or as 
effective size increases.  Clouds with cloud top temperatures colder than 224 K may be 
optimal for retrievals.  For geometrically thicker clouds however, colder cloud tops may 
be required to maximize BTD8.5-11 as transmission from warmer layers within the cloud 
becomes an increasingly important factor as discussed later in this study.  It is clear that 
if we insert our cloud layer too high (cold) or too low (warm) in our model, we may 
retrieve very different results given the similar BTD8.5-11 curves for clouds of differing 
cloud top temperatures and effective diameters.  Error associated with the cloud top 
parameterization is investigated in Section 4. 
 
3.3 Sensitivity to Cloud Layer Temperature 
In this section, the sensitivity of simulated brightness temperatures at top-of-
atmosphere to cloud geometric thickness is investigated.  For a cloud with a fixed cloud 
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top height, extending the cloud base into lower (warmer) layers in the atmosphere 
changes the effective emitting temperature of the cloud.  Prior results [11], [22] have 
shown that geometric thickness is an important cloud property that regulates the 
transmission of IR radiance through a cloud layer.  By analyzing clouds with equivalent 
optical thickness, ice crystal effective size, and cloud top temperature, Chung et al. [11] 
and Hong et al. [22] show that IR brightness temperatures are colder for cloud layers 
with small temperature differences from cloud base to top (ΔT), or geometrically thin 
cloud, than for cloud layers for larger ΔT, or geometrically thick cloud.  In this study, 
our model is used to simulate 8.5 and 11.0 µm BTs in the standard tropical atmosphere 
for clouds with geometric thicknesses of 0.5, 1, 2, 3 and 5 km (ΔT of 3.5, 6, 13, 20, and 
32 K), optical thicknesses from 0.1 to 10, and cloud top heights of 12 and 15 km (224 
and 204 K).  
Figs. 15a, c, and e show the results for simulations of a cloud top at 12 km and 
effective diameters of 30, 50 and 100 µm, respectively, as a function of optical 
thickness.  Each plotted line represents the BT of a cloud with a geometric thickness of 
1, 2, 3, or 5 km minus the BT of a cloud with a thickness of 0.5 km (ΔZ BTD) at 8.5 µm 
(black) and 11.0 µm (red).  The simulations show that as geometric thickness of a cloud 
layer increases and extends the cloud into warmer atmospheric layers, ΔZ BTD also 
increases, peaking at around 8 K for a 5 km thick cloud with optical thickness values of 
around 6 for 11.0 µm and an optical thickness of around 4 for 8.5 µm BTs.  Physically, 
as a cloud layer extends into lower regions of the atmosphere, the effective emitting 
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Fig. 15.  Simulated 8.5 and 11.0 µm BTs for clouds with varying geometric thicknesses 
of 1, 2, 3, and 5 km minus BTs of a cloud with a fixed geometric thickness of 0.5 km as 
a function of optical thickness.  Simulations are shown for a), c), e) clouds with an 
effective diameter of 30, 50 and 100 µm, respectively, and b), d), and f) BTD8.5-11 from 
corresponding left-hand panels.  Clouds have a fixed cloud top height of 12 km (224 K). 
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temperature at these wavelengths is warmer because of the absorption and emission by 
warmer ice crystals.  Thus, BTs at 8.5 and 11.0 µm will be higher for a geometrically 
thick cloud when compared to a geometrically thinner cloud, with all other atmospheric 
parameters and cloud properties being equal.    
Comparing the plots for different effective diameters, it is apparent that the cloud 
layer temperature difference is not only important for small ice crystals, but also for 
large ice crystals as ΔZ BTD is still as large as 8 K for a 5 km thick cloud with an 
effective diameter of 100 µm.  The same may be stated for all optical thickness values 
between 0.2 and 10, where ΔZ BTD is still large for all values.  It is important to note 
that even though sensitivity to cloud layer temperature still exists for large ice crystal 
sizes, and for very optically thin and thick clouds, it may still be difficult to infer cirrus 
cloud properties due to small BTD8.5-11.0 in these regions. 
If we consider geometric thickness in a cloud property retrieval using our BTD8.5-
11.0 approach, we may also be interested in the sensitivity of BTD8.5-11.0 to changes in 
geometric thickness.  Figs. 14b, d, and e show the ΔZ BTD8.5-11 for each geometric 
thickness from a, c, and e respectively.  Here, the BTD8.5-11 for each thickness (1, 2, 3, 
and 5 km) is differenced from the 0.5 km BTD8.5-11.  In the plots, we can see as 
geometric thickness increases from 1 km to 5 km, ΔZ BTD8.5-11 values increase from 
0.5K to 1.5 K.  The difference of BTD8.5-11 for all thicknesses from that of a 0.5 km thick 
cloud peaks near an optical thickness of 2.  As the effective diameter is increased, large 
ΔZ BTD8.5-11 still exists, showing that geometric thickness may have a large influence on 
retrievals of clouds of all optical thicknesses and effective sizes. 
  
50 
A feature of note in the plots occurs at an optical thickness of 6.5, where the sign 
of ΔZ BTD8.5-11 changes from negative to positive.  At τ0.55 < 6.5, BTD8.5-11 for clouds of 
all geometric thicknesses is less than BTD8.5-11 for a cloud with 0.5 km geometric 
thickness.  For τ0.55 > 6.5, the opposite is true.  Analyzing the left-hand panels of Fig. 15, 
we can see that this is due to the 11.0 µm BT saturating at lower visible optical thickness 
values than the 8.5 µm BT due to higher absorption by ice crystals at this channel.  This 
sign change is less drastic for larger effective diameters as the 8.5 µm absorption 
increases, but overall is not very significant itself in terms inferring cloud properties.    
Fig. 16 is the same as Fig. 15, but for a cloud at a height of 15 km (204 K).  For 
Figs. 16a, c, and e, there are still large differences in BTs between the various geometric 
thicknesses, and are comparable to the simulations at 12 km.  Although the cloud top 
temperature is different in both simulations, ΔT remains the same for all geometric 
thicknesses except for at 5 km, where the 15 km high cloud is colder by 1 K.  Analyzing 
the plots in Figs. 16b, d, and f, we see that ΔZ BTD8.5-11 values are larger by roughly 0.2 
- 0.5 K as compared to those in Fig. 15 for the lower (warmer) cloud top.  This implies 
that for colder cloud tops, constraining the geometric thickness of the cloud becomes 
increasingly important for acquiring a more accurate retrieval. 
  
51 
 
Fig. 16.  Simulated 8.5 and 11.0 µm BTs for clouds with varying geometric thicknesses 
of 1, 2, 3, and 5 km minus BTs of a cloud with a fixed geometric thickness of 0.5 km as 
a function of optical thickness.  Simulations are shown for a), c), e) clouds with an 
effective diameter of 30, 50 and 100 µm, respectively, and b), d), and f) BTD8.5-11 from 
corresponding left-hand panels.  Clouds have a fixed cloud top height of 15 km (204 K). 
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4.   INFLUENCE OF CLOUD TEMPERATURE ON THE 
RETRIEVAL OF CIRRUS PROPERTIES 
 
4.1    Methodology 
After gaining an understanding of how cloud temperature, both as determined by 
both cloud height and cloud geometric thickness, influence simulated brightness 
temperatures at 8.5 and 11.0 µm, we now look to the retrieval of cirrus cloud effective 
particle size and optical thickness using Moderate Resolution Imaging 
Spectroradiometer (MODIS) IR observations.  However, instead of using a standard 
tropical atmosphere, we use collocated Atmospheric Infrared Sounder (AIRS) retrievals 
of pressure, temperature, moisture and ozone profiles, as well as cloud top height.  The 
correlated k-distribution method is used with the AIRS atmospheric profile retrievals to 
calculate clear-sky transmittances of the atmospheric layers, and the Baum v2 cirrus 
models developed for MODIS channels 29 and 31 are used for the bulk-scattering 
properties of ice crystals.  Forward calculations are performed using the DISORT model, 
where simulated brightness temperatures (BTs) are computed for clouds with effective 
diameters between 10 and 120 µm, and optical thickness between 0 and 30.  The 
simulations are then used to construct lookup tables, which are interpolated to finer 
resolution.  Finally, MODIS observed 8.5 and 11.0 µm BTs are then used to retrieve 
effective diameter and optical thickness values from the lookup tables. 
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A daytime scene from MODIS, of single-layer cirrus over a tropical ocean, is 
chosen.  Retrievals are performed for clouds of varying cloud top heights and geometric 
thicknesses, and the results are analyzed and compared to the MODIS level-2 standard 
retrieval product. 
 
4.2    Instruments and Data 
On May 4th, 2002, the National Aeronautics and Space Administration (NASA) 
launched the Aqua satellite as part of the Earth Observing System (EOS) and “A-train” 
constellation.  The Aqua satellite maintains two instruments used in our study, the 
Moderate Resolution Imaging Spectroradiometer (MODIS) and the Atmospheric 
Infrared Sounder (AIRS).   EOS-Aqua is a sun-synchronous polar-orbiting satellite at an 
altitude of 705 km and can attain global coverage in less than two days.  
MODIS is an infrared spectrometer with 36 channels.  The spectral coverage is 
between 0.415 and 14.235 µm with varying spatial resolution of 250 m, 500 m, and 
1000m and scans across a swath-width of 2330 km [36].  To ensure that only MODIS 
pixels which contain cirrus clouds are used in the retrieval, the MODIS cloud mask [32] 
and phase discrimination [12] flags are checked.  Only pixels flagged as “confident 
cloudy” are chosen and further filtering occurs by checking the 1 km Quality Assurance 
and selecting only those flagged as “ice.” 
To perform the retrievals in this study, the MODIS level 1b calibrated radiance 
product (MYD021KM) is used in the selected scene for channels 29 and 31, which are 
then converted to brightness temperatures using the Planck function.  The results of the 
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retrieval are then compared to the MODIS level-2 cloud product (MYD06) effective size 
and optical thickness, which uses solar/NIR reflectance data [31].  All products used 
were processed using the MODIS collection 5 processing algorithm. 
The AIRS instrument is a continuously operating, cross-track hyperspectral IR 
sounder consisting of a telescope which feeds an echelle spectrometer.  The spectrometer 
analyzes IR radiation at 2378 channels between 3.74-4.61 µm, 6.20-8.22 µm, and 8.80-
15.4 µm with a spectral resolution of λ/λ∆ = 1200 [2].  A scan mirror on the instrument 
scans on 49.5° either side of nadir with a swath width of 1650 km and a spatial 
resolution of 13.5 km at nadir.  Each scan line contains 90 AIRS footprints and is 
repeated every 8/3 seconds, including four views for calibration.   
The AIRS version 4, level-2 standard retrieval [1] product provides atmospheric 
temperature, pressure, ozone, and moisture profiles for 28 atmospheric levels, as wells as 
for cloud top height which is derived using the CO2 slicing technique [8], [40] and 
surface skin temperature.  These surface and atmospheric parameters are retrieved at a 
spatial resolution of 45 km x 45 km, therefore several MODIS pixels may be present 
within one AIRS pixel requiring collocation of the datasets.  To gain better control over 
cloud top placement and geometric thickness, the vertical spatial resolution of the 
atmospheric profile must be increased.  To do this, the atmospheric profile at 5 AIRS 
levels between 100 hPa and 300 hPa, where cirrus clouds are likely to occur, are linearly 
interpolated to 20 levels.  Retrievals may then be performed with the cloud placed at any 
desired layer. 
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4.3    Retrievals with Varying Cloud Top Height 
For the retrieval of cirrus clouds with varying cloud top height (temperature), a 
MODIS daytime granule is chosen which exhibits a case of a single-layer, homogeneous 
cirrus cloud over the tropical Pacific Ocean (Fig. 17).  Although the IR-based retrieval 
was developed for nighttime retrievals, we choose a daytime case for this study where 
operational retrievals can be used for comparison purposes.  Figs. 18a and b show 
corresponding plots for MODIS level-2 retrieved optical thickness and effective radius, 
respectively, for the case area.  The MODIS optical thickness range falls within our most 
sensitive region to cloud top height from the theoretical simulations in Section 3.2, 
where BTD8.5-11 is largest, for τ0.55 between 2 and 6.  The MODIS effective radius is 
generally below 30 µm, which is on the threshold of low-to-moderate sensitivity.  Based 
on the MODIS product, BT8.5-11 should have adequate sensitivity to retrieve cirrus 
properties.    
Two collocated AIRS profiles are used for atmospheric profile data, as well as for 
cloud top height from the AIRS derived cloud top pressure (CTP).  Fig. 18c shows the 
coverage of AIRS pixels in the case area indexed as numbers 549 and 500, overlapping 
approximately 1100 MODIS pixels.  Since the AIRS CTP usually places the cloud top 
between two AIRS levels, the atmosphere between 100 hPa and 300 hPa is interpolated 
from 5 to 20 atmospheric levels.  With the finer vertical resolution in the profile, cloud 
properties are retrieved for three cloud top heights.  The first retrieval places the cloud at 
the AIRS specified cloud top height. The derived CTP for pixels 549 and 550 are 126 
hPa and 148 hPa respectively.  The second and third retrievals place the cloud top at the  
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Fig. 17. a) False color image of MODIS case area from granule 
MYD021KM.A2005354.0140 (0.65 µm in red, 2.13 µm in green, and 11.0 µm in blue), 
approximately ~1100 pixels. 
 
 
 
Fig. 18.  a) MODIS retrieved cloud optical thickness, b) MODIS retrieved effective 
radius and c) collocated AIRS pixels within the scene. 
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next highest and next lowest AIRS levels (100 hPa and 150 hPa, respectively) from the 
original 28 AIRS output levels, to examine the influence of changes in cloud top 
temperature to the retrieval results.  The cloud layer thickness for each case is fixed at 1 
km. 
Because IR radiances are sensitive to atmospheric profile and cloud top 
temperature, simulations must be performed and lookup tables constructed for each 
AIRS profile and cloud top temperature assumed.  Fig. 19 shows the IR bi-spectral plots 
representing the lookup tables for each retrieval case, which result from simulating IR 
brightness temperatures with the data from AIRS pixels 549 and 550 at three different 
cloud top temperatures.  The IR observations from each MODIS pixel are also plotted on 
the figures.  Plotted lines on the right-hand side of the figures, where optical thicknesses 
are small, vary little between the simulations for each cloud top.  These regions are 
strongly dependent on the surface skin temperature and background atmospheric profile, 
whose emission is mostly transmitted through optically thin cloud.  Even between pixels 
549 and 550, where differences in these parameters differ slightly, no strong influence 
can be seen in the bi-spectral plots (Table 2).  Analyzing retrievals from each AIRS pixel 
separately did not show that one pixel performed better than the other when compared to 
MODIS operational cloud product.  This could be due to the fact that for moderately 
optically thick clouds such as in this case, the retrievals may be more sensitive to cloud 
top height than to the atmospheric profile or skin temperature, similar to Huang et al. 
[24]. 
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Fig. 19.  IR bi-spectral plots for clouds with varying height.  Plots are shown for a), b), 
AIRS pixels 549 (blue) and 550 (red) at the AIRS 100 hPa pressure level, c), d), at the 
AIRS derived cloud top pressure level, and e), f), at the AIRS 150 hPa pressure level.  
Cloud geometric thickness is fixed at 1km.  MODIS IR observations are overplotted. 
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Table 2.  Cloud and profile data for three retrievals with varied cloud top height. 
AIRS Pixel Cloud Top Pressure (hPa) 
Cloud Top 
Temp (K) 
Cloud Base 
Temp (K) 
Height 
(km) 
Skin 
Temp 
(K) 
549 100 188.7 198.4 16.6 306 
550 100 184.5 193.2 16.6 313 
549 127.5 203 213 15.2 306 
550 150 206 217 14.3 313 
549 150 212.8 217 14.2 306 
550 150 206 217 14.3 313 
 
 
On the other hand, plotted lines in regions of higher optical thickness values show 
significant differences between the simulations with cloud tops of ~185 K and 213 K.   
Comparing Figs. 19a and e, as the cloud top temperature is warmed, the left edge of the  
plot is shifted to the right to the minimum 11.0 µm BT close to the assumed cloud top 
temperature.  Here we see the effects of strong absorption at this channel where cloud 
top temperature has a strong influence on the effective emitted temperature. 
In regions of the plots for moderate optical thickness values (1 < τ0.55 < 7), the 
effect on the 8.5 and 11.0 µm BTs from warming the cloud top temperature is shown.  In 
Fig. 19a, the maximum BTD8.5-11 for a cloud with an effective diameter of 10µm and 
cloud top temperature of 185 K is ~25 K.  For a similar cloud with a cloud top 
temperature of 212 K, the maximum BTD8.5-11 is decreased to about 18 K.  This is an 
expected result indicated by our theoretical study in Section 3.2, where maximum 
BTD8.5-11 values also decreased with increasing cloud top temperature.  The effect on the  
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Fig. 20.  Geolocated retrieved optical thickness and effective radius of case area for 
varying cloud height.  Plots shown for a), b), a cloud at the AIRS 100 hPa pressure level, 
c), d), at the AIRS derived cloud top pressure level, and e), f), at the AIRS 150 hPa 
pressure level. 
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Fig. 21.  Scatter plots comparing retrieved values of optical thickness and effective 
radius to MODIS MOD06 retrieved values corresponding to the plots in Fig. 20. 
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retrieval can be seen plainly, as the MODIS IR observations are overplotted on a 
different portion of the bi-spectral plot between Figs. 19a and e.  The same relationship 
is noted for AIRS pixel 550 in Figs. 18b, d, and f, where BTD8.5-11 also decreases with 
increasing cloud top temperature. 
Fig. 20 shows geolocated results of the retrievals for optical thickness and effective 
size, with corresponding scatter plots in Fig. 21.  The scatter plots compare the retrieved 
cirrus properties to those of the MODIS level-2 cloud product, which we will assume to 
be truth.  At 100 hPa, the optical thickness underestimates MODIS suggesting the 
simulated 11 µm BT is too cold.  Optical thickness retrievals perform better for the cases 
with warmer cloud tops, although they slightly underestimate MODIS.  Statistically, the 
optical thickness retrievals perform well in each case, although the standard deviations 
are smaller for the retrievals of warmer clouds, around 0.6.   
Evaluating results for effective size, we can see the influence of the colder cloud 
top from our theoretical study where BTD8.5-11 had much higher maximums than for 
warm clouds.  Although many retrieved pixels lay close to the 1-to-1 line with the 
MODIS retrieved effective size in the 100 hPa case, several pixels sporadically 
overestimate MODIS.  These pixels correspond to the MODIS IR observations 
overplotted in the region of little sensitivity to effective size in the bi-spectral plots.  
Again, as cloud top temperatures become warmer, the MODIS IR observations allow for 
a more consistent retrieval of effective size.  Here, the correlation coefficient, r, 
increases from 0.3 to 0.71 in the 150 hPa cloud retrieval.  However, compared to the 
MODIS retrieval, the effective size is still largely underestimated for the most optically 
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thick cloud.  Here we may see a slight bias due to the cloud top temperature in AIRS 
pixel 549 being too warm, resulting in a large shift of the bi-spectral plot to the right, and 
causing the MODIS observations to be plotted at very large optical thickness, and very 
small effective diameters.  Validation of cloud top height to determine the actual cloud 
top temperature is required to gain the necessary confidence in IR retrievals. 
 
4.4    Retrievals with Varying Geometric Thickness 
We now perform another series of retrievals for effective size and optical thickness 
within our case area.  Instead of altering the cloud top height, we use the AIRS derived 
CTP as a fixed cloud height, and vary the cloud geometric thickness.  Retrievals are 
performed for cloud geometric thicknesses of 1, 3, and 5 km.  Again, the AIRS 
atmospheric profile has been interpolated to achieve finer vertical resolution.  Table 3 
shows the atmospheric and cloud properties for each AIRS pixel and retrieval case, 
along with the temperature difference, ΔT, between the cloud base and top.  For a 
thickness of 1 km, ΔT equals ~10K for each pixel; for a thickness of 3 km, ΔT equals 
18.5 and 30 K for pixel 549 and 550, respectively; and for the 5 km thick cloud, ΔT 
equals 32.7 and 38.7 K for each pixel, respectively. 
 Fig. 22 shows the IR bi-spectral plots which represent the lookup tables for each 
retrieval case with varying cloud geometric thickness.  Fig. 22a and b are of a 1 km thick 
cloud, c and d of a 3 km thick cloud, and e and f of a 5 km thick cloud for each AIRS 
pixel.  Comparing the figures for each individual retrieval case, the plots only shift 
slightly left and right between AIRS pixels 549 and 550, due to the few Kelvin  
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Table 3.  Cloud and profile data for three retrievals with varied cloud geometric 
thickness. 
 
AIRS Pixel Cloud Top Temp (K) 
Cloud Base 
Temp (K) 
Skin Temp 
(K) ∆T (K) 
∆Z 
(km) 
549 203 213 306 10 1 
550 206 217 313 11 1 
549 203 221.5 306 18.5 3.1 
550 206 236 313 30 3.1 
549 203 235.7 306 32.7 5 
550 206 244.7 313 38.7 4.6 
 
 
differences in cloud top temperature and skin temperature.  However, comparing the 3 
km plots (Figs. 22c, d) where ΔT is ~12 K between AIRS pixels 549 and 550, we begin 
to see the effects of extending the cloud base into warmer regions of the atmosphere.  
The main impact is that the maximum BTD8.5-11 is decreased with increasing thickness, 
much like the previous case of warming the cloud top temperature.  Between the cases of 
varying geometric thickness, the same effect on BTD8.5-11 is seen for increasing ΔT.  For 
the 1km case, the maximum BTD8.5-11 is close to 21 K and 20 K for pixels 549 and 550, 
respectively.  In the 5 km case, these values are decreased to 18 K and 16 K, 
respectively.  The result is mainly due to the bi-spectral plots shifting down, but also 
narrowing between the minimum and maximum BTD8.5-11 values along the plotted lines 
of effective diameter.  Physically, as a cloud extends into warmer layers of the 
atmosphere, the 11.0 µm brightness temperature becomes warmer due to ice crystals at 
warmer temperatures.  Since the 8.5 µm radiance is not as strongly absorbed, it is less  
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Fig. 22.  IR bi-spectral plots for a cloud at the AIRS derived cloud top pressure level 
with varying geometric thickness.  Plots shown for a), b) AIRS pixels 549 and 550, 
respectively, for a 1km thick cloud, c), d) for a 3km thick cloud and e), f) for a 5km thick 
cloud.  MODIS IR observations are overplotted. 
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sensitive to the cloud layer temperature and BTD8.5-11 values therefore decrease with 
increasing ΔT. 
 Fig. 23 shows the geolocated results for each retrieval case along with 
corresponding scatter plots in Fig. 24.  Optical thickness retrievals are fairly consistent 
among each case, and compare well with the MODIS retrievals.  For the 1 km retrieval, 
retrieved optical thickness underestimates MODIS, but has very high correlation.  As the 
cloud layer thickens, the optical thickness retrieval values increase, but then begin to 
overestimate MODIS in the most optically thick regions.   
Effective size retrievals also underestimate MODIS, with sensitivity to changes in 
geometric thickness.  As geometric thickness increases to 5 km, very small particle sizes 
are retrieved where the optical thickness is overestimated.  In the effective size 
retrievals, there is not much improvement as shown by the correlation coefficient, 
increasing only from 0.69 to 0.71 when ΔT increases from 10 K to ~32-38 K.  However, 
the standard deviation drastically increases when the cloud is geometrically thicker, 
denoting more error in the retrieval results. 
From each case with varied cloud top height or geometric thickness, we see that 
warming the cloud layer has a profound effect on the retrieval of cirrus cloud effective 
size and optical thickness.  After analysis of the bi-spectral plots and results compared to 
MODIS (if taken as truth), one may argue that in this case study, the actual cloud top 
height is higher than the AIRS derived level, and that the cloud is thicker than 1km.  
This seems plausible, since for warmer cloud tops, the bi-spectral plots were shifted too  
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Fig. 23.  Geolocated retrieved optical thickness and effective radius of case area for a 
cloud at the AIRS derived cloud top pressure level and varying geometric thickness.  
Plots shown for a), b) a cloud with 1 km thickness, c), d) a cloud with 3 km thickness, 
and e), f) a cloud with 5 km thickness. 
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Fig. 24.  Scatter plots comparing retrieved values of optical thickness and effective 
radius to MODIS MOD06 retrieved values corresponding to the plots in Fig. 23. 
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far to the right, especially in AIRS pixel 549.  As the optical thickness and effective size 
values fall within the region of highest sensitivity of BTD8.5-11.0 to cloud top height and 
geometric thickness as shown in Section 3, the importance of accurately placing a cirrus 
cloud in the atmosphere has been demonstrated.  Validation of these parameters is thus a 
requirement to improve the results produced with our retrieval model.  
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5.  DISCUSSION AND SUMMARY 
 
The first part of this thesis has focused on the computation of ice crystal bulk-
scattering properties to create cirrus cloud models for use with the Infrared Atmospheric 
Sounding Interferometer (IASI) onboard the METOP-A satellite.  The creation of these 
models was based on the single-scattering database developed by Yang et al. [56] for six 
individual ice crystal habits, and followed the process of Baum et al. [4], [6], [7] closely.  
Cirrus models for the six individual ice crystals, as well as for one habit distribution 
were then used to simulate brightness temperatures in the IASI spectrum using the 
discrete ordinates radiative transfer (DISORT) model.  The simulations showed that 
regions of the spectrum, particular in window channels between 790 and 1200 cm-1, 
were strongly dependent on the assumed habit distribution and cirrus model used.  
Comparisons of brightness temperatures simulated with the each cirrus model showed 
differences on the order of 2 – 8 K, which could have significant effects if IASI 
measurements were used for cirrus cloud property retrievals. 
 The second part of this study focused on the sensitivity of simulated brightness 
temperatures at 8.5 and 11.0 µm to cloud temperature.  A model was developed based on 
DISORT to simulate clouds at varying heights and geometric thicknesses in a standard 
tropical atmosphere.  For clouds with visible optical thicknesses between 2 and 6, and 
with effective diameters less than 50 µm, it was shown that varying the cloud top 
temperature from 197K to 250 K decreased the 8.5-11.0 µm brightness temperature 
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difference (BTD8.5-11.0) from 14 K to just 3 K.  Changes in geometric thickness from 0.5 
km to 5 km for a cloud with a fixed height decreased ΔZ BTD8.5-11.0 upwards of 2 K.  
From these results, it can be expected that error in cloud top temperature and cloud layer 
temperature could significantly impact the retrieval of cirrus cloud properties using the 
BTD8.5-11.0 approach.   
To assess this impact, the model was applied to a retrieval of cirrus cloud effective 
size and optical thickness for a MODIS scene containing single-layer cirrus cloud over a 
tropical ocean surface.  In the model, AIRS standard retrieval profiles for 28 atmospheric 
levels were interpolated to finer vertical resolution, and 8.5 and 11.0 µm brightness 
temperatures were simulated for clouds of varying height and geometric thickness.  
MODIS IR observations at these channels were then used to infer cirrus properties from 
lookup tables based on the BTD8.5-11.0 approach.  The bi-spectral plots representing the 
lookup tables showed considerable differences when cloud top temperature was 
increased by 20 K, or when the cloud layer was extended into warmer regions of the 
atmosphere by increasing the geometric thickness.  By warming the cloud layer, 11.0µm 
BTs were also warmed, decreasing maximum BTD8.5-11.0.  The influence on the retrieval 
was to increase the retrieved optical thickness and decrease the effective size.  However, 
by warming the cloud layer, improvements were shown in the retrieval results when 
compared to MODIS retrieval products.   
The investigation has shown that cloud top height (temperature) and geometric 
thickness are an important parameterization in the BTD8.5-11.0 bi-spectral retrieval 
approach.  Validation of these cloud properties is needed to increase confidence in any 
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results.  It is important, however, to realize the limitations of using this two-channel 
retrieval to infer cirrus cloud properties in the IR spectrum.  Because of the sensitivities 
of IR brightness temperatures, not only to cloud properties, but also to the noise 
contributed by the background surface and atmosphere, more robust techniques may be 
required to achieve valid nighttime retrievals of cirrus cloud optical thickness and 
effective size.  The use of hyperspectral measurements from instruments such as IASI 
may be a useful tool to reach this goal. 
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